X-ray magnetic circular dichroism serves as a strong element-specific magnetic contrast mechanism in full-field transmission soft x-ray microscopy to image micromagnetic domain structures. A lateral resolution down to 25 nm is provided by Fresnel zone plates used as optical elements. Recording the images in varying external magnetic fields and the sensitivity to the direction of the magnetization allows for detailed studies of static magnetization reversal processes in magnetic thin films and nanopatterned elements. Results on highly magnetostrictive Terfenol-D layers are reported. The experimental findings of the switching processes in soft magnetic permalloy rectangular structures are consistent with micromagnetic simulations. The pulsed time structure of polarized synchrotron radiation allows for a stroboscopic imaging of spin dynamics on a sub-nanosecond timescale.
Introduction
Magnetic systems of low dimensionality, such as thin layers, multilayered films and nanopatterned elements are currently attracting scientific interest due to their role as potential candidates for technological applications like spin-electronics, ultra-high density storage devices, magnetoresistive sensor elements and microelectromechanical systems (MEMS). However, a comprehensive understanding of their intriguing properties such as interlayer exchange coupling [1] , the origin of magnetic perpendicular anisotropies, spin injection etc is still missing. To illustrate the technological relevance, the giant magneto-resistance effect [2] found in layered magnetic thin films is already implemented into read-head technology, thus enabling a further miniaturization of the device and a concomitant increase of storage density. Laterally patterned magnetic elements in the sub-micrometre range are promising candidates in the field of magnetic random access memory * On the occasion of Prof. T Shinjo's retirement from Kyoto University 5 Author to whom correspondence should be addressed.
(MRAM) technologies, where in addition to the charge of the electron, the spin and its transport properties will play a dominant role [3] . The functionality of such devices is mainly determined by different magnetic couplings between adjacent layers and, therefore, the choice of elements stacked on each other and patterning these elements by sophisticated techniques like e-beam lithography, originally developed in semiconductor physics, is an outstanding challenge.
Though there is a huge variety of thin film magnetic systems, they are mostly composed either of three-dimensional transition metals, like Fe, Co, Ni and Cu or, as e.g. for magnetooptics or magnetostrictive systems (MEMS), in combination with rare-earth elements, like Gd, Tb or Dy.
The appearance of the magnetic microstructure on a nanometre scale and its changes during the magnetization cycle is important information, and thus an abundance of powerful imaging techniques has been established so far. To name but a few, both real space techniques as magnetic force microscopy, Lorentz microscopy and Kerr microscopy, and also reciprocal space techniques as soft x-ray resonant magnetic scattering techniques are available. Besides high lateral resolution and high sensitivity in combination with large magnetic contrast, elemental sensitivity is urgently needed. Furthermore, recording the domain structure throughout the magnetization cycle is an important option for magnetic sensor elements and other devices. Imaging spin dynamics on a sub-nanosecond timescale is currently the focus of research activity [4, 5] , as precessional switching is one of the future applications in ultra-fast recording schemes [6] .
From a more theoretical point of view, extensive micromagnetic simulations are used to explain the observed domain patterns with only few physical input parameters: anisotropy, K, and exchange, A, constants and saturation magnetization M. Besides static domain structures, the temporal evolution is also attracting significant interest [7, 8] .
In the following, the progress in magnetic transmission soft x-ray microscopy (MTXM), combining x-ray magnetic circular dichroism (XMCD) with a high-resolution transmission x-ray microscope [9, 10] is presented. The physical aspects of the underlying magnetic contrast mechanism, i.e. the origin of XMCD will be described briefly. Recent results obtained with highly magnetostrictive Terfenol-D layers provide insight into the nucleation and reversal of the magnetic microstructure. The domain pattern in rectangular soft magnetic permalloy elements is studied and compared with micromagnetic simulations. Future perspectives include stroboscopic illumination on a sub-nanosecond timescale in order to study the dynamics of the magnetic domain structure.
Experimental aspects

X-ray magnetic circular dichroism
Nowadays the effect of XMCD in core-level absorption, which detects the dependence of the x-ray absorption coefficient of circularly polarized radiation on the magnetization, in a ferromagnetic species, in the vicinity of an absorption edge [11, 12] , has become a widespread and powerful tool for the investigation of the magnetism of solids, surfaces and thin films. This is accomplished by the abundant availability of synchrotron radiation as a highly brilliant source of polarized x-rays. Circular polarization can be easily obtained by viewing the radiation emitted off-orbit at an angle of a few milliradians at bending magnet stations. Although a reasonable degree of circular polarization of about 60-80% can thus be achieved, the intensity is reduced by about 50%. This can be overcome in third generation storage rings, where asymmetric insertion devices, like helical wigglers and undulators in the soft x-ray energy range, are becoming state-of-the-art high-brilliance sources with nearly full circular polarization at a much higher brilliance [13] . Besides elliptical polarization, the undulator radiation can also be tuned to linear polarization with variable orientation. Hence, the corresponding effect of magnetic linear dichroism can be exploited to study even antiferromagnetic systems [14] .
X-ray absorption coefficients can be addressed experimentally in several ways. One is to record the transmission through a sample by counting the incoming and transmitted numbers of photons and fitting to an exponential law. Given the limited penetration depth of soft x-rays below 1 keV this provides an information depth of about 100 nm. However, measuring the sample current (total electron yield) generated in the absorption process, is more sensitive to the surface properties, and the information depth is related to the escape depth of secondary electrons.
The physical origin of XMCD and its global characteristics can be explained within a simple vector coupling model [11] . The absorption of a right (left) handed photon yields a photoelectron undergoing a dipolar transition into an unoccupied electronic state above the Fermi level. Due to orbital momentum conservation and spin-orbit interaction the photoelectron acquires a finite spin σ z and orbital l z polarization in the photon beam direction z. In particular, for the transition from an initial p 1/2 and p 3/2 spin-orbit state into a d-like final state, which corresponds to the absorption at the L 3 and L 2 edges, σ z amounts to − 1 2 and + 1 4 , respectively while l z = + 3 4 for both cases. Within an atomic picture these values can be calculated by taking into account vector coupling coefficients and transition probabilities.
For very low photoelectron energies (E < 20 eV) and itinerant final states, the absorption coefficient is described by Fermi's golden rule, i.e.
, where ρ l (E) reflects the density of states of the unoccupied bands with a defined angular momentum l near the Fermi level. Due to exchange splitting in a ferromagnetic system the absorbing atom reveals a magnetic spin moment if the majority (minority) band final states are shifted below (above) the Fermi level. Thus a local magnetic spin moment is induced, given by the excess of spins at the Fermi energy. Now due to Pauli's exclusion principle the spin/orbital polarized photoelectrons created in the absorption process with a circularly polarized photon can be seen as a probe for the final-state spin/orbital polarization projected onto the photon k-vector. By applying an external magnetic field it is possible to adjust the sample's magnetization and to align the magnetic moments, i.e. the spins of the majority electrons are parallel or antiparallel to the z direction. Thus according to Fermi's golden rule an integration of the spectroscopic dichroic signal, which is related to the difference in spinup and spin-down density of states, measures directly the local spin moment. A similar consideration holds for the orbital momentum. Elemental specificity in the XMCD signals is inherently provided as large dichroic effects occur in the vicinity of the characteristic energy of the absorption edge, which correspond to the binding energies of the absorbing species.
As has been shown by Thole et al [15] and Carra et al [16] , XMCD spectroscopy offers the potential to address local magnetic moments separated into spin and orbital contributions by applying magneto-optical sumrules. Of particular importance is the information that can be obtained on the orbital contribution to the local magnetic moments. Although the dominant contribution to local magnetic moments is the spin, the origin of magnetic anisotropies has to take into account the orbital moments, and although the general applicability of the sumrules is still discussed, at least for the itinerant transition metal systems, like Fe, Co and Ni the results are satisfying and agree well with theoretical expectations.
Magnetic soft x-ray microscopy
Soon after the first spectroscopic experiments with XMCD to study the local magnetic environment, it was realized that the huge magnetic contrast, which in particular at the spin-orbit coupled L 2,3 edges in technologically relevant transition metals (Fe, Co, Ni) and at the M 4,5 edges in rare-earth systems yields values up to 50%, would allow for a combination of XMCD with imaging techniques to resolve magnetic microstructures. The first attempt reported in the literature used a photoelectron emission microscope (PEEM) [17] .
The transmission mode is realized by MTXM which combines a transmission x-ray microscope with XMCD as the contrast mechanism. First results with a full-field microscope, where a high lateral resolution is provided by Fresnel zone plates used as optical elements, have been obtained at BESSY I in Berlin, at the L 3,2 edges of Fe in an amorphous GdFe alloy [9] . Currently, the full-field transmission soft x-ray microscope (XM-1) at the Advanced Light Source in Berkeley, where the present data have been taken, provides a lateral resolution down to 25 nm [18] . Originally designed for imaging biological systems, it now serves a wide variety of applications, including environmental science and materials science [19, 20] . A scanning transmission x-ray microscope has also been used for imaging magnetic structures [21] , however, so far with a slightly lower spatial resolution.
The optical set-up of a full-field soft x-ray microscope is shown in figure 1 . Polychromatic x-radiation from the bending magnet of the synchrotron ring is focused onto the sample through a condenser zone plate (CZP) lens. The present CZP has a diameter of 9 mm, an outer zone width of 55 nm, and 41 000 zones. Due to the chromatic aberrations of zone plates the CZP and a pinhole near the sample plane (typically 100 µm from the sample plane) form a linear monochromator. The illumination energy can be changed between 250 and 900 eV condensor zoneplate D=9 mm circularty polarised light P e ≈ 60% object micro zoneplate d=63 µm with a measured spectral resolution of E/ E = 700 by mechanically shifting the distance between the condenser and the pinhole/sample.
The radiation penetrates the sample and is projected through the micro zone plate (MZP) onto a CCD camera. The present MZP has an outer zone width of 25 nm and a diameter of 63 µm. The CCD camera located downstream is a 1024 × 1024 pixel array which is back-thinned and backilluminated. It has a quantum efficiency of approximately 60-70% in the range of energies used. The MZP acts as an x-ray lens and generates a typically 2000-fold magnified image into the image field. The field of view of the microscope is 10 µm. Preorientation of the sample position and focus can be achieved with a custom Zeiss Axioplan light microscope which is mutually indexed with the sample stage of XM-1. The X-Y position accuracy is typically 2 µm over a 3 mm field with a focal accuracy of 1 µm.
To extend the capabilities of XM-1 to image magnetic domains, two modifications have to be applied. Circularly polarized x-radiation is provided by the off-orbit emitted radiation with an estimated degree of circular polarization of 50-60%. Magnetic fields of any strength and direction can in principle be applied to the sample, thus allowing the recording of images at any point in the magnetization cycle. So far at the XM-1 beamline solenoids provide magnetic fields up to several kilo-Oersteds. As the dichroic contrast is given by the projection of the magnetization onto the photon propagation direction both out-of-plane and in-plane magnetized domains can be imaged. The latter can be achieved by tilting the sample about an axis perpendicular to the photon propagation direction. Currently, at the XM-1, samples can be tilted up to 30˚, thereby decreasing the contrast by a factor of two [22] . Comparing the domain structure taken under various angles, the MTXM technique allows to distinguish between in-plane and out-of-plane contributions. In principle, this would also allow for tomographic imaging and subsequent reconstruction of the three-dimensional orientation of the magnetization.
For time dependent measurements, the synchrotron light source offers a two-bunch mode operation where two electron bunches with a width of <70 ps circulate in the orbit at a time separation of 328 ns, which allows the sample to be flashed stroboscopically in coincidence with short field pulses generated in microcoils [23] .
Results and discussion
Amorphous Terfenol-D layers
Thin layers of high magnetostrictive Terfenol-D (Fe 66.5 Tb 9.5 Dy 24.0 /2 at.% Zr) are dicussed in the frame of the development of microelectromechanical devices. They exhibit different magnetic and magnetostrictive properties depending on their degree of crystallinity: amorphous, nanocrystalline or polycrystalline. Pure amorphous Terfenol-D layers exhibit an anisotropy perpendicular to the film plane as they are far from thermodynamic equilibrium. However, thermal treatment at elevated temperatures (≈500-600 K) forces the anisotropy to lie in the film plane.
As a pure photon-based technique, the major advantage of MTXM is the capability to record images in any varying external magnetic field, which gives information on the magnetization dependent evolution of magnetic domains throughout the magnetization cycle. This is of significant importance as the occurrence of magnetic domain structures will decrease the signal to noise ratio in technologically relevant systems.
We have studied the magnetic reversal mechanism by observing the magnetic domain structure of sputtered 70 nm thin Fe 66.5 Tb 9.5 Dy 24.0 /2 at.% Zr layers on 100 nm thin Si 3 N 4 membranes with subsequent thermal treatment at different temperatures. No magnetic domain structure could be observed with Kerr microscopy; therefore, if any, small domain structures were expected. The images were taken at the Fe L 3 edge, so the magnetic structures observed reflect the elementspecific projection of the Fe magnetization onto the photon propagation direction. Limited by the available flux at the bending magnet, the illumination time needed for each image amounts to a few seconds. As the contrast for these images is about 10%, dark and light areas can be clearly identified.
In figure 2 the evolution of the magnetic domain structure in an amorphous (non-tempered) sample taken in varying external fields with its direction perpendicular to the sample's normal can be seen. After saturation, the nucleation starts with small spot-like domains ( figure 2(a) ). Here, the orientation of the saturation is assumed to give a fully light image. The locations of these spots are to a large extent at fixed positions, as can be seen by a comparison of nucleation sites in images taken in subsequent magnetization cycles. This can be attributed to local defects, where the anisotropy is lowered and thus the probability to switch the magnetization first is higher. Increasing the external magnetic field ( figure 2(b) ) a wormlike domain pattern emerges with a fixed domain width of about 80-100 nm, thereby increasing the total wall energy in the system. Close to remanence (figures 2(c) and (d)) the net magnetization drops, as shown by a balance of dark and light worm domains. Increasing the magnetic field towards reverse saturation, the length of those worms, which point already into the 'dark' direction increases at the expense of domains of opposite orientation ( figure 2(e) ). Finally, as the length of the dark domains approaches their width, only light spot-like domains remain (figure 2(f )) which finally switch to reach full (dark) saturation.
Rectangular patterned elements
The most energetically favourable configuration of the magnetization in thin magnetic films is in the plane of the film. If, additionally, the system is laterally confined, symmetric configurations are found (e.g. Landau patterns). Multilayered and multicomponent patterned elements are currently attracting increasing interest. Micromagnetic theories and the accompanying simulation codes have produced a thorough understanding of the occurrence of domain patterns [24] in various systems with lateral dimensions in the sub-micron range. Such elements may have a large technological impact due to their role as candidates for spintronic devices.
One class of soft magnetic films is permalloy (a NiFe alloy) with magnetic permeability in the range 2000-3000 and coercivity at the order of 100 A m −1 . The magnetostatic energy is usually two to three orders of magnitude larger than the anisotropy energy.
+H ext 1 µm We have studied the reversal process of a series of rectangular patterned 50 nm thick permalloy (Fe 20 Ni 80 ) elements where the aspect ratio (height/width) varied from 1 to 3.
The sample preparation was again done on commercially available Si 3 N 4 membranes, which are also widely used in Lorentz transmission electron microscopy. The switching mechanisms of each element can be followed from MTXM images taken in various external fields. The observed domain structures taken at the Ni L 3 edge can be seen in figure 3 . The direction of the magnetic field was in the plane of the system and along the short edge (the width) of the elements. Due to the large field of view in the XM-1, the whole series can be recorded within one image and the unambiguity of the magnetic contrast compared to magnetic force microscopy, which detects stray fields, provides valuable information.
According to the relative orientation between the helicity and the projection of the magnetization it can be deduced that the magnetization points to the right in the light domains, while the magnetization of the dark domain points to the left. According to the requirement of flux closure the sense of circulation of the magnetization can be determined without ambiguity. For the symmetric 1 µm × 1 µm and the 1 µm × 1.3 µm elements, the four domain Landau pattern seems to be the most stable configuration. The vortex is moving perpendicular to the direction of the applied field as the sample switches from positive to negative saturation. Although for the 1 µm × 1.5 µm rectangle at remanence the same four-domain pattern is found, in between 0 Oe and saturation field different domain structures are observed, indicating metastable configurations. Starting at an aspect ratio of two, more vortices appear, resulting in a more complex domain structure with different reversal behaviour.
In figure 4 [25] the observed domain structure in the 1 µm × 2 µm rectangle at different applied field values ( figure 4(a) ) is shown. The direction of the external field is now along the long edge. Starting from a symmetric pattern at 0 Oe the white domain enlarges at higher fields thereby moving the two vortices down and to the outer edges. A comparison with micromagnetic simulation ( figure 4(b) ) reveals qualitatively the same behaviour [26] . However, the geometry of the simulation used a 1 µm × 3 µm rectangle and 80 nm thickness, which is slightly different from the sample studied experimentally. As the experimental results of the 1 µm × 3 µm × 50 nm structure is different, the mismatch between simulation and experiment might be due to the increased thickness or to small differences in total energy of two adjacent metastable configurations.
The degree of metastability of domain structures seems to increase with increasing aspect ratio. In figure 5 the domain configuration at zero applied field is shown. In figure 5 (a) the image was taken during a magnetization cycle, while figure 5(b) shows the domain structure after demagnetization of the sample by an ac field of decreasing amplitude. Again the largest differences in figures 5(a) and (b) are found for aspect ratios greater than 2.5.
Conclusion
The combination of a full-field soft x-ray transmission microscope with XMCD as magnetic contrast mechanism allows the imaging of element-specific magnetic domain structures. A lateral resolution down to 25 nm can be obtained, which is about a factor of two to four better than the magnetic images currently obtainable with PEEM [27] . In the future progress with Fresnel zone plate optics will allow a <10 nm resolution and new PEEM systems seem to enter a comparable spatial resolution range. Compared to PEEM the major advantage of MTXM is the possibility of recording the images in varying external magnetic fields, which gives information on the evolution of magnetic domains during the magnetization cycle.
The direction of the magnetization can be determined by viewing the projection of the magnetization onto the photon propagation direction. The sensitivity of the MTXM technique makes it feasible to perform element-specific studies of systems comprising only a few monolayers in the near future. Thus, the wide field of magnetic sensor and MRAM devices can be addressed by the novel MTXM technique.
Furthermore, dynamical studies of the domain evolution can be performed taking into account the inherent time structure of synchrotron light. The relevant timescales are in the sub-nanosecond regime. Short magnetic pulses in the sub-nanosecond time range can be applied either electronically via microcoils or by creating electrons with a short laser pulse onto a metallic thin film. Stroboscopic illumination of the sample with varying delay time between field and light pulse will provide information about precessional and damping mechanisms in patterned elements [28] .
A dedicated MTXM is currently being set up at a helical undulator in the third generation facility BESSY II in Berlin. The spectral resolution will be much better and thus magnetic spectromicroscopy studies will be feasible. Thus, it will be possible to account for laterally resolved spin and orbital magnetic moments. Recently, in the corresponding photoemission electron microscopy technique this has been demonstrated successfully by Kuch et al [29] .
Besides measuring the transmission, detection of the reflected light under grazing incidence is also feasible. Although the intensity drops by about a factor of 1000, the magnetic contrast is still high [30] . This would open the pure photon-based magnetic soft x-ray microscopy also to samples on non-transparent substrates.
